In this study, we investigate the impact of the cross sectional profile of an array of metallic nanowires on the feasibility of a localized surface plasmons resonance (LSPR) biosensor. Calculations were performed using rigorous coupled wave analysis with an emphasis on the extinction properties of the LSPR structure. It was confirmed that the resonance spectrum strongly depends on the nanowire period and profile. Our numerical results indicate that the nanowire structure, particularly that of a T-profile, delivers extremely linear sensing performance over a wide range of target refractive index with much enhanced sensitivity. The extinction-based LSPR structure also involves relatively large dimension and thus is expected to provide a feasible biosensor using current semiconductor technology.
INTRODUCTION
A surface plasmon resonance (SPR) biosensor is an optical device based on the excitation of surface plasmons, in which plasma oscillations in a metal film are excited by the incident light in the attenuated total reflection configuration to be used as a sensitivity indicator. 1, 2, 3, 4, 5 In the resonance condition, incident light energy is mostly absorbed as excited evanescent waves are coupled to binding analytes on a thin metal film. Since the reflectance curve exhibits a minimum at resonance, surface reactions of interest can be quantified by measuring the shift of the reflectance curve. Surface plasmons can also be excited in metallic nanostructures. It has been well-known that noble metal nanostructures allow direct and strong optical coupling of the incident light to resonantly driven electron plasma oscillations, called localized surface plasmons (LSPs). 6 Metallic nanostructures, if significantly smaller than the light wavelength, show an intense optical absorption band in the visible range. 7 Compared to surface plasmon polaritons (SPPs) excited in a thin metal film, the LSP resonance (LSPR) excitation is characteristic of substantial enhancement of electromagnetic fields as a result of strong absorption and highly efficient light scattering. 8 These enhanced fields induce significantly high sensitivity to changes in the local environment caused by binding molecules surrounding the nanostructures. 9, 10 For this reason, many researchers have proposed SPR biosensing systems incorporating metallic nanostructures for various sensing applications. 11, 12, 13, 14 Typical experiments involve gold or silver nanostructures deposited over a thin metal film to bind with specific target analytes and to excite the localized plasmons. The experimental results indicated that these modified sensing schemes improve sensitivity more than ten-times compared to a conventional SPR biosensor. 11, 13 However, nanostructure-modified SPR biosensors have a fundamental constraint that SPP-LSP interactions can limit the effectiveness of excited LSP modes. 15 Recently, regularly patterned metallic nanostructure arrays without a metal film on a dielectric substrate have drawn tremendous interests as a potential tool to implement biosensors. 16, 17 This configuration is fully based on the LSP modes, thus its performance is not interfered by the SPP-LSP interactions. Unlike a biosensor based on SPP-LSP coupled modes, field enhancement is mostly associated with the coupling effects between resonant LSP modes that are excited in an ensemble of interacting nanostructures and is attributed to the sensitivity enhancement of a LSPR biosensor. 18, 19, 20 The specific nature of the field enhancement in a metallic nanostructure depends on intrinsic parameters, such as material, size, and shape, as well as extrinsic factors of the surrounding local media. 6, 7, 21 These LSPR devices can therefore serve as a transmission-based biosensor with extremely high sensitivity. 16 For example, it was shown that an extinction spectrum of the LSPR induced by silver nanoparticles is highly sensitive to the specific binding of anti-biotin to a biotinylated surface. 22 It was also reported that regularly distributed triangular nanoparticles are more sensitive than spherical colloidal nanoparticles due to the shape dependence of the plasmon resonance and the coupling effect between nanoparticles, so that an ensemble of periodic silver nanoparticles can be applied to a nanoscale optical biosensor. 
L
The resonant field enhancement from periodic metal arrays is far greater than that of aperiodic arrays or randomly roughened metal surfaces. 23 Thus, the periodicity of an ensemble of nanostructures is an important parameter that needs to be considered. Suppose that we have well-separated and non-interacting nanostructures. When the period is notably less than the wavelength of the incident light, electromagnetic coupling of individual nanostructures has prominent influence on the resonance condition. In general, two distinct types of interaction effects may occur in relation to the period. In a considerably short distance, short-range interactions between neighboring nanostructures induce near-field coupling that creates highly sensitive plasmons confined to metal boundaries. However, when the period exceeds the range of near-field coupling, far-field interactions prevail among nanostructure arrays, as have been elucidated using a dipole-dipole interaction model. 24 While an individual metallic nanostructure gives rise to dipole fields, induced dipoles oscillate resonantly in the neighboring nanostructures, leading to the formation of LSPs and local field enhancement. Using far-field interactions, metallic nanostructures can also be exploited as optical waveguides. 25 Despite stronger field enhancement, near-field coupling configuration can suffer from worse sensing performance and more difficult implementation as a sensor, compared with a configuration based on far-field coupling. The near-field coupling generally shows complicated extinction spectra with multiple resonance peaks, which makes it difficult to detect the main resonance response to biological binding events linearly. In addition, the near-field coupling structure can be extremely sensitive to fabrication errors involved in realizing nanostructures with a very small period of a complicated profile. Consequently, we consider interacting nanostructures in the range of far-field coupling. The goal of this study is to use nanowires to implement nanostructures for the simplicity of modeling and reliable fabrication and, furthermore, to understand relevant design issues to achieve maximal sensitivity enhancement as well as highly linear detection in sensing performance. For this purpose, we explore the profile dependence of optical extinction properties of excited LSP modes by introducing nanowire geometries of a T-and an inverse T-profile and the effect of other design parameters such as the nanowire period on the sensor performance. While a previous study showed extremely large field enhancement is possible with asymmetric nanowire profiles less than 50 nm in size, 26 such a structure is tremendously difficult to fabricate and to produce binding events on the sharp and slanted slope.
NUMERICAL MODEL
Suppose one-dimensional metallic nanowire gratings on a dielectric substrate as presented in Fig. 1 . Silver or gold nanowires that are periodic in the x-axis are assumed to be aligned in the y-axis. The nanowires with a complex dielectric function are regularly patterned on a glass substrate (n s = 1.515). The nanowire period (Λ) is considered in the range of 250 nm to 400 nm such that far-field dipolar interactions dominate. Assume that TM-polarized light, the electric field of which oscillates in parallel to the nanowire grating vector, is normally incident. Note also that both silver and gold were considered as nanowire material. Optical constants of silver and gold were taken from Ref. 27 . To describe the optical response of metallic nanowires, extinction spectra were calculated by rigorous coupled wave analysis (RCWA), 28, 29 which has been successfully applied to explaining optical responses of nanostructures. 30, 31 Our RCWA routine has been found to corroborate the experimental results of earlier studies using metallic nanostructures in the range of a few tens of nanometers in size, 32 offering an effective scheme to analyze optical properties of nanowires including extinction spectra. Optical extinction is defined as -log (T), where T denotes transmittance as a function of the light wavelength. In order to quantify the sensitivity of the LSPR sensing configuration with respect to changes in the refractive index of the dielectric media surrounding metallic nanowires, target binding between biomolecules is modeled with a dielectric monolayer. Here, the refractive index change is induced by binding events of target analytes inside the flow channel and is assumed to represent the concentration change in binding events linearly. The thickness of this layer is assumed to be 3 nm based on the amplitude distribution of the excited plasmons that rapidly decreases outside the nanostructures. Note that the effect of LSP modes becomes insignificant if more than 3 nm away from the nanostructure surface for various crosssections. 26 The monolayer covers the top surface of nanowires as well as the surface between nanowires on a glass substrate. The resonance wavelength shift is evaluated as the refractive index of the binding dielectric layer (n d ) increases from 1.0 to 1.5. In our numerical model of one-dimensional metallic nanowires, we consider three different nanowire profiles: a rectangle, a T, or an inverse T as shown in Fig. 1 
RESULTS AND DISCUSSION
In Fig. 2 , extinction properties have been calculated by varying periods, Λ, for (a) silver and (b) gold nanowire gratings with a rectangular profile at w = 100 nm and d = 20 nm. The resonance wavelength (λ LSPR ) and the width of the extinction peak represent the LSPR and the damping of LSPs, respectively. λ LSPR blue-shifts (i.e. shifts toward a shorter wavelength) for both silver and gold nanowires, as Λ is decreased from 400 nm to 250 nm. This is in good agreement with an empirical report for orderly patterned nanostructure arrays at a period that is approximately half the λ LSPR . 19 At nanowire periods in the range of 200 -500 nm, radiative dipole interactions between nanowires as well as large retardation effects are deemed responsible for the blue shift. Obviously, the dielectric function of a metallic nanostructure has a dominant effect on the resonance condition. The difference in the dielectric function causes λ LSPR of gold nanowires to be located at longer wavelengths than that of silver.
More specifically, as the imaginary part of the dielectric function of gold is larger than that of silver, the extinction of gold nanowires generally has a lower maximum value at resonance. For both silver and gold nanowires, the nanowire period for optimal biosensing was determined to be 350 nm since it provides relatively large extinction and narrow resonance width (full width at half maximum) than at other periods. In Fig. 2 (b) , even though the extinction spectrum at Λ = 250 nm exhibits larger extinction, its resonance width is larger, which indicates poorer selectivity in sensing applications. As a result, Λ = 350 nm is employed for silver and gold nanowires in what follows, unless noted otherwise, in calculating the shift of λ LSPR with the refractive index. As will be clear, the optimum period Λ = 350 nm is also valid for a T-and an inverse T-profile as well as a rectangular profile. As the refractive index of a dielectric binding layer increases from 1.0 to 1.5, λ LSPR shifts to a longer wavelength (redshift). For a rectangular profile, total spectral changes are 8 nm for silver nanowires and 9 nm for gold as depicted in Fig.  3 . Linear regression analyses show that the shift is fairly linear over the whole range of refractive indices and that the refractive index sensitivities are 16.0 nm/RIU for silver and 17.4 nm/RIU for gold (RIU short for refractive index unit). R is the correlation coefficient that denotes the linearity obtainable in the sensor performance. R 2 for silver and gold nanowires of a rectangular profile is 0.994 and 0.997, respectively. In what follows, the effect of the nanowire profile on the sensitivity is estimated by comparing two different nanowire profiles, a T-and an inverse T-profile, with a rectangular profile. Figure 4 shows the extinction spectra at various periods (Λ = 250 nm -400 nm) of silver and gold nanowires for a T-profile. Similar to the results of a rectangular profile in Fig. 2 , the extinction spectra still have maximum values in λ = 500 -600 nm for silver and in λ = 600 -700 nm for gold. In particular, at Λ = 250 nm and 300 nm, both silver and gold nanowires of a T-profile show multiple extinction peaks. These additional extinction peaks originate from the excitation of higher order harmonics of multipolar plasmon oscillations, induced by the complex nanowire profile. Since the optical near-field distribution around a nanostructure is affected by the order of excited multipolar plasmon modes, which modify optical properties of metallic nanowires intricately, 33 the extinction spectra also present a less linear sensitivity characteristic to binding biomolecular changes. The extinction effects of the T-profile on the refractive index sensitivity are shown in Fig. 5 that represents extinction spectra and the change of an extinction peak with n d . For silver nanowires, the resonance shift to an increase of n d is completely linear with sensitivity equal to 30 nm/RIU. This is almost two times larger than in the case of a rectangular profile. Gold nanowires of a T-profile also exhibit improved sensitivity of 33.7 nm/RIU compared to rectangular gold nanowires at an identical period (Λ = 350 nm). Secondly, an inverse T-profile has been calculated at various periods (Λ = 250 nm -400 nm). The results are shown in Fig. 6 for silver and gold nanowires. The difference in the dielectric function between silver and gold leads to a larger extinction maximum and shorter resonance wavelength with silver than in the case of gold. Moreover, in extinction spectra at Λ = 250 nm and 300 nm, similar to a T-profile, secondary peaks originating from multipolar plasmon modes appear in the wavelength range λ < λ LSPR for both silver and gold nanowires. At this period, the refractive index sensitivity cannot be identified as linear, as the higher-order terms significantly influence the optical performance of a LSPR biosensor. Sensitivity improvement is also observed at Λ = 350 nm for an inverse T-profile. In Fig. 7 , λ LSPR shows red-shift as n d increases with the sensitivity of 27.7 nm/RIU for both silver and gold nanowires, a largely enhanced value compared to that of a rectangular profile. As listed in Table 1 , it is apparent that the nanowire profile affects the LSPR sensor performance, the sensitivity in particular, tremendously. For instance, the field inside a circular nanostructure, which is highly symmetric, becomes almost homogeneous and the field amplitude decays drastically outside the nanostructure. 26 It was also found that the field is highly heterogeneous for non-rectangular profiles and that especially at main resonance with a maximum extinction value, the field amplitude takes large values at corners. In other words, the field amplitude is enhanced rapidly as the profile of a nanostructure becomes more complex and asymmetric. Table 1 . Calculated sensitivity and square of correlation coefficient (R 2 ) for silver and gold nanowires of different profiles at Λ = 350 nm.
This plasmonic interpretation based on the corner effect and the field enhancement for a non-rectangular profile can be applied to analyzing our results. As a T-or an inverse T-profile mimics a trapezoid that is an intermediate state between a rectangle and a triangle, the two profiles present larger field amplitude enhancement with more strongly excited LSPs and induce higher sensitivity, associated with less symmetry than a rectangular profile. Furthermore, the two profiles provide a more feasible structure with enhanced customizability than a triangular or an inverse triangular profile.
In our results, a T-profile on the whole shows better sensitivity to the change of refractive indices than an inverse Tprofile. To qualitatively understand the difference in the performance of the two profiles, suppose approximating a Tprofile as an inverted trapezoid and an inverse T-profile as a trapezoid, respectively, such that they occupy an equal volume. The corner effect stipulates that when the resonance occurs, extremely strong fields are excited in the vicinity of corners in nanostructures. For an inverted trapezoid, fields are enhanced mainly at two vertices on the top, where the binding events of target analytes occur. In contrast, the field enhancement for a trapezoid structure occurs at both endpoints on the bottom which is relatively far from the layer of target analytes. In consequence, a closer distance between highly enhanced fields and the binding events results in better sensitivity performance for nanowires of a T-profile.
CONCLUSIONS
In this study, we have calculated optical extinction properties of silver and gold nanowires on a dielectric substrate using RCWA. Our results show that the resonance spectrum strongly depends on the nanowire period and profile. For nanowire periods in the far-field coupling, dipole interactions between metallic nanowires result in the blue-shift of λ LSPR as Λ varies from 400 nm to 250 nm. The complexity of the LSPR extinction spectrum has been discussed for silver and gold nanowires with a T-and an inverse T-profile. Our results indicate that the extinction spectra of the LSPR sensor based on metallic nanowires are fairly linear and significantly sensitive to changes of refractive indices of dielectric binding media if design parameters are properly optimized. In our investigation, Λ = 350 nm achieves both high extinction peak and narrow resonance width for the profiles considered. For both silver and gold nanowires, the T-and the inverse T-profiles exhibit better sensitivity than a rectangular profile. In particular, a T-profile presents the highest sensitivity of 33.7 nm/RIU for gold and 30.0 nm/RIU for silver. This study is expected to provide a basis to implement feasible structures as a LSPR biosensor based on metallic nanowires with excellent sensing performance.
